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Fig. 2. Different types of apatite mineralization in the Esfordi deposit. A, B: vein-type mineralization, C, D: massive
mineralization, E, F, G, H: disseminated mineralization, and I: bipyramidal second generation apatite crystals within the
massive apatite zones and the metasomatite host rock. Abreviations after Whitney and Evans (2010) (Apl: first
generation apatite, Ap2: second generation apatite, Mag; Magnitite).
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Fig. 3. Apatite in different mineralization zones of the Esfordi deposit. A: disseminated apatite associated with
magnetite mineralization zones (10X-XPL), B: massive apatite (10X-XPL), C: apatite associated with brecciated zones

(10X-XPL), and D: apatite in late vein zones (10X-XPL). Abreviations after Whitney and Evans (2010) (Amp:
amphibole, Apl: first generation apatite, Ap2: second generation apatite, Ap3: three generation apatite, Ap4: four

generation apatite, Cal: calcite, Chl: chlorite, Qz: quartz).
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Fig. 4. A selected XRD pattern of apatite in the Esfordi deposit. Numbers on diagram are representative for minerals
listed in table 1.
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Table 1. Selected Results of XRD analyses of apatites in the Esfordi deposit
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Bacth _2x 18 EH-94-4

O 0 0 N N AW N

W W W W W W W W W N NN NN NN NN N = e e e e e e ek ek e
@ NN A WN =S O 0NN R WN =S O SN R WRWN=S

Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing) syn; Monazite- (Ce); Monazite-(La) syn
Fluorapatite (Gd-bearing), syn; Allanite- (Ce), heated; Monazite- (Ce); Monazite-(La), syn
Fluorapatite (Gd-bearing), syn; Allanite- (Ce), heated; Monazite- (Ce); Monazite-(La), syn
Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn

Allanite- (Ce), heated; Monazite- (Ce); Monazite-(La), syn; Xenotime
Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn; Monazite- (Ce)

Monazite-(La), syn

Monazite- (Ce); Monazite-(La), syn

Fluorapatite (Gd-bearing), syn; Allanite- (Ce), heated

Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn; Monazite- (Ce); Monazite-(La), syn
Fluorapatite (Gd-bearing), syn; Xenotime

Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn; Monazite- (Ce); Monazite-(La), syn; Xenotime
Fluorapatite (Gd-bearing), syn; Monazite-(La), syn

Fluorapatite (Gd-bearing), syn; Monazite- (Ce); Monazite-(La), syn
Fluorapatite (Gd-bearing), syn; Allanite- (Ce), heated

Fluorapatite (Gd-bearing), syn; Bastnasite

Fluorapatite (Gd-bearing), syn; Monazite- (Ce)

Fluorapatite (Gd-bearing), syn; Bastnasite; Monazite-(La), syn
Fluorapatite (Gd-bearing), syn; Monazite- (Ce)

Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn; Monazite- (Ce); Xenotime
Fluorapatite (Gd-bearing), syn; Monazite-(La), syn

Fluorapatite (Gd-bearing), syn; Monazite-(La), syn; Xenotime
Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn; Monazite- (Ce); Monazite-(La), syn
Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn; Monazite- (Ce)

Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn; Allanite- (Ce), heated; Bastnasite
Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn

Fluorapatite (Gd-bearing), syn; Monazite- (Ce), syn
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Table 2. Results of XRD analyses of apatites in the Esfordi deposit
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Fig. 5. Images provided by electron microscope of first and second generation apatite in the Esfordi deposit. A to D: the
first-generation apatites, and E to H: the second-generation apatites. Dark phase are associated with monazite and
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deposit, and B: Chondrite- normalized REE distribution patterns in apatite and small crystals of monazite associated
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Table 3. LA-ICP-MS point analysis data of the second generation of apatite and small crystals of monazite associated
with the second generation apatite in the Esfordi deposit. The values are in ppm.

No Apatite2  Apatite2 Apatite2 Apatite2 Monazite Monazite Monazite Monazite
phase  Se phse  phwe  phe T T T
La 1582.21 1738.12 1745.71 1595.90 6088.89 7072.52 6037.17 6350.67
Ce 3547.60 3818.48 3821.13  3622.74  13707.84  15727.57  13335.59  13939.14
Pr 371.08 383.10 390.16 374.05 1455.15 1590.95 1408.66 1437.44
Nd 1292.87 1334.99 1331.05 1296.99 4774.63 5406.82 4906.84 5059.54
Sm 192.21 194.37 197.42 191.53 727.03 838.76 686.16 684.86
Eu 19.41 18.68 19.03 19.38 67.18 76.74 70.76 70.61
Gd 163.60 163.05 164.86 164.60 593.89 641.68 612.58 622.83
Th 20.05 19.77 20.01 19.94 72.05 81.16 72.74 73
Dy 114.51 111.23 111.32 112.38 392.09 434.37 412.29 399.52
Ho 22.15 21.45 21.69 22.18 77.63 89.40 77.71 81.58
Er 60.34 58.37 58.48 58.97 206.58 233.36 202.68 223.00
Tm 7.31 6.93 7.13 7.05 25.04 29.89 22.82 25.93
Yb 40.13 37.25 37.82 39.49 132.18 153.29 140.62 130.36
Lu 4.75 4.64 4.52 4.65 16.60 18.72 15.39 16.03
Y 686.45 656.02 658.20 676.47 2385.47 2662.13 2410.01 2373.78
U 7 6 6 6 21 21 20 20
Th 51 51 52 54 189 187 175 180
Sr 217 183 183 209 701 727 698 703
Si 594 547 566 545 151811 130770 183994 147558
Ca 191256 156797 156150 181008 595661 587473 592775 599648
P 112225 93826 93918 107882 343506 343034 347512 338268

XLREE 6793.77 727470  7288.04  6889.68  26026.51  29797.87  25688.26  26786.79
XHREE 644.46 635.74 642.28 640.17 2310.27 2597.37 2313.74 2327.72

La/Yb 39.42 46.66 46.16 40.41 46.06 46.14 42.93 48.72
La/Gd 9.67 10.66 10.59 9.70 10.25 11.02 9.86 10.20
La/Sm 8.23 8.94 8.84 8.33 8.38 8.43 8.80 9.27
Gd/Yb 4.08 4.38 4.36 4.17 4.49 4.19 4.36 4.78
Ce/Ce* 1.11 1.13 1.11 1.13 1.11 1.13 1.10 1.11
(Ce/Yb)n 22.86 26.52 26.14 23.73 26.82 26.54 24.53 27.66
(Eu/Eu*)n 0.34 0.32 0.32 0.33 0.31 0.32 0.33 0.33

XREE 7438.23 7910.44  7930.33  7529.85  28336.79  32395.23  28002.00  29114.51
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Table 4. LA-ICP-MS point analysis data of the first and second generations of monazite in the Esfordi deposit. The
values are in ppm.

No Monazite Monazite Monazite Monazite Monazite2 Monazite Monazite Monazite
1 1 2 2 2 2 2

La 84001.1 94365.5 145648.2 1544629 138592.8 139150.4 142691.8 149243.7
Ce 184763.9 200453.0 295696.4 296403.5 291880.4 295491.7 293381.9 296554.0
Pr 18778.5 20509.9 28475.0 27952.5 29389.7 28188.0  28668.5 28131.8
Nd 63699.0 68734.4 86859.6 82024.0 89898.7 88418.3 89209.4 83712.6
Sm 7985.0 9010.2 8633.3 7239.3 9871.0 9151.1 8873.4 7761.5
Eu 712.9 834.2 505.8 561.1 738.0 776.1 572.7 440.7
Gd 4974 .4 5976.5 4261.3 3492.8 5233.5 4779.9 4400.1 3713.2
Thb 396.6 551.8 350.8 269.2 455.1 406.7 365.0 295.7
Dy 1343.9 1946.8 1340.4 957.9 1817.8 1590.1 1396.5 1076.6
Ho 161.8 246.0 177.4 119.6 247.2 230.8 185.3 141.2
Er 256.2 405.8 316.2 200.8 470.5 402.0 325.0 2443
Tm 17.5 27.4 24.3 15.5 36.8 30.4 26.9 18.7
Yb 56.7 90.3 82.5 51.1 130.6 107.5 93.0 67.8
Lu 5.2 6.9 6.8 4.0 12.0 9.0 7.7 6.0

Y 4232.8 6634.3 4799.9 3115.6 6981.4 6072.2 4917.9 3957.8
Sr 176 1382 76 585 106 79 63 46

Si 5061 5769 6548 6350 5940 6548 6845 6548
Ca 180517 129460 2055 5789 4342 3150 3386 2519

P 176286 162916 146451 145317 147602 150777 149461 146968
Th 1155.8 2933.0 3930.0 460.1 5201.7 1077.0 3759.5 4012.0
U 24.2 84.7 136.3 243.4 266.9 198.8 156.4 132.5

XLREE 3512425 384062.8 556679.2 5608429 549761.6 551248.4 553951.6 557642.1
YXHREE 15910.2 19095.9 15698.8 12911.3 19012.5 17483.6 16245.6 13765.7
La/Ce 0.455 0.471 0.493 0.521 0.475 0.471 0.486 0.503

La/Nd 1.32 1.37 1.68 1.88 1.54 1.57 1.60 1.78
La/Yb 1481.501 1045.022 1765.433  3022.757 1061.201  1294.422 1534320 2201.235
La/Gd 16.887 15.789 34.179 44.223 26.482 29.112 32.429 40.193
La/Sm 10.520 10.473 16.871 21.337 14.040 15.206 16.081 19.229

La/Y 19.85 14.22 30.34 49.58 19.85 22.92 29.01 37.71
Ce/La 2.20 2.12 2.03 1.92 2.11 2.12 2.06 1.99
Gd/Yb 87.732 66.185 51.652 68.352 40.073 44.464 47.313 54.767
Ce/Ce* 1.120 1.097 1.105 1.086 1.101 1.136 1.104 1.102
(Eu/Eu*)n 0.346 0.348 0.255 0.341 0.314 0.359 0.280 0.251

XREE 3671527 403158.7 572378 573754.2  568774.1 568732 570197.2 571407.8
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Table 5. Microprobe analysis data of the first and second generations of apatite in the Esfordi deposit (bdl= below

detection limit). The values are in weight percent.

Sample code GH1 GH1 GH1 GH2 GH2 GH2
phase Light phase  Dark phase  Dark phase  Light phase = Light phase  Light phase
Sample type Apl-1 Apl-2 Apl-3 Ap2-1 Ap2-2 Ap2-3
SiO2 0.24 0.51 0.4 0.8 0.05 0.1
FeO 0.03 0.03 0.1 0.08 0.09 0.09
MnO 0.04 0.02 bdl bdl 0.01 bdl
CaO 53.05 54.37 54.11 52.23 51.58 52.93
Na:O bdl bdl bdl bdl bdl bdl
P20s 41.12 41.15 41.05 40.42 41.64 40.72
SrO 0.07 0.01 bdl 0.02 0.01 0.02
Y203 bdl 0.07 0.09 0.09 0.14 0.11
La;03 0.43 0.03 0.04 0.46 0.44 0.38
Ce203 0.65 0.13 0.09 0.95 1.15 0.84
Nd:03 0.2 0.06 0.13 0.48 0.37 0.38
Pr20s 0.13 bdl 0.1 0.15 0.03 0.03
SOs 0.33 0.02 0.02 0.16 0.15 0.14
F 3.45 3.46 3.77 3.43 322 3.53
Cl 0.31 0.14 0.1 0.73 0.72 0.73
Total 100 100 100 100 100 100
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Fig. 9. Fluid inclusions of the apatites in the Esfordi deposit. A, B, C and D: triple-phase inclusions, E: double-phase
liquid inclusions (LV), F: mono-phase liquid and vapor inclusions in association with double-phase liquid inclusions

(LV), G: triple-phase inclusions with clathrat, H: double- phase liquid inclusions with opeque minerals (hematite) (LS),

I: double-phase liquid and vapor inclusions (VL) and liquid and solid phase (LS), J: mono-phase gas inclusions (V), K
and L: melt inclusions (L: Liquid, S: Solid, V: Vapor, OP: opaque)
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Table 6. Microthermometric data of fluid inclusions of second generation apatites associated with massive
mineralization horizons and magnetite ore in the Esfordi deposit

Sample

Tm-

Te-

Th-

Th_

Tm-

Eq Wt.%

code Type Fill ice ice hal aq clathrat Phase salinity Density
GH1 V+L 0.83 -74 =525 397 Vapour 10.9781 0.677

GH1 V+L 0.75 -0.8 -52 378 Liquid 1.3224 0.5397
GH1 V+L 0.59 3.7 =527 486 Liquid 5.9259 0.4094
GH1 V+L 0.84 25 524 320 Liquid 4.0743 0.7153

GH1 V+L 0.77 -48  -52.6 295 Liquid 7.5355 0.7998
GH1 V+L 098 -148 -524 308 Vapour 18.4521 0.8951

GH1 V+L 0.93 -3.1  -52/3 270 Vapour 5.0117 0.8111

GH1 V+L 0.88 -49  -52.7 210 Liquid 7.6774 0.9132
GH1 V+L 0.95 2.8 524 215 Liquid 4.5457 0.8826
GH1- V+L+S 0.79 - - 458 386 Vapour 54.2611 1.1900
GH1 V+L 0.69 -103 -529 439 Vapour 14.2604 0.6586
GH1 V+L 0.87 -6.4 -53 159 Liquid 9.7139 0.9797
GH1 V+L 0.72 -194 -532 379 Liquid 21.9425 0.8472
GH1 V+L+S 0.65 - - 395 339 +10.5 Liquid 43.2503 1.1067
GH1 V+L 0.74 24 524 432 Liquid 3.9161 0.5447
GH1 V+L 0.91 45 522 146 Liquid 7.1054 0.9727
GH1 V+L 0.59 -102 -52.6 389 Vapour 14.1559 0.7382
GH1 V+L 0.75 -0.7 523 320 Liquid 1.1576 0.6741

GH2 V+L 0.82 =75 -524 280 Vapour 11.1005 0.8577
GH2 V+L 0.62 -6.2  -525 420 Liquid 9.4522 0.6063
GH2 V+L 0.85 -12.1 -523 267 Liquid 16.0507 0.9196
GH2 V+L 0.87 74 =537 227 Liquid 10.9871 0.9207
GH2 V+L 0.84 46  -52.6 176 Liquid 7.2496 0.9459
GH2 V+L 0.87 2.5 -539 215 Liquid 4.0743 0.8789
GH2 V+L 0.86 -48  -52.1 282 Vapour 7.5355 0.8192
GH2 V+L 0.88 -8.2 542 205 Liquid 11.9381 0.9520
GH2 V+L 0.90 -0.8  -53.8 220 Liquid 1.3224 0.8502
GH2 V+L 0.89 -1.2 526 218 Liquid 1.9795 0.8583
GH2 V+L 0.84 41  -543 302 Liquid 6.5215 0.7774
GH2 V+L 0.92 34 -527 222 Liquid 54719 0.8814
GH2 V+L 0.55 -52 -532 348 Liquid 8.0984 0.7201

GH2 V+L 0.88 5.5 -545 218 Liquid 8.5125 0.9107
GH2 V+L 0.81 2.5 -53.8 275 Liquid 4.0743 0.7936
GH2 V+L 0.87 9.6 -524 227 Liquid 13.5163 0.9417
GH2 V+L 0.93 -39 523 301 Liquid 6.2252 0.7756
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Fig. 10. A: diagram of melting temperature for the first ice melting in fluid inclusions associated with apatites in the
Esfordi deposit, B: diagram of melting temperature for the last ice melting, C: diagram of salinity values of the
mineralizing fluid, and D: The relationship between the ice melting point and the salt type and content in the

mineralizing fluid (Shepherd et al., 1985)
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Fig. 11. A: Histogram of the homogenization temperatures of the studied fluid inclusions in the Esfordi deposit, B:
Histogram of the density frequency of the studied fluid inclusions versus temperature, and C: Schematic diagram of
homogenization temperature - salinity for density determination (Wilkinson, 2001)
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Fig. 12. A: diagram of pressure and depth versus homogenization temperature in determining the environment of the
Esfordi deposit formation, B: location of the ore-forming fluid data on the diagram of salinity versus homogenization
temperature (Yermacov, 1965), C: location of fluid inclusion data on the homogeneity temperature-salinity diagram
during evolution of the involved fluids (Wilkinson, 2001), and D: location of fluid inclusion data on the diagram of
salinity versus homogenization temperature of the fluid inclusions from the Esfordi deposit. The diagram adopted from
(Wilkinson, 2001).
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Introduction

REE should be evaluated in rocks and minerals due
to their behavior in complex geochemical
processes leading to their use as tracers in
geochemical environments. In addition, the lack of
economic concentration of these elements is
related to their contribution in rock forming
minerals. Thus, high levels of technology and costs
are essential for their extraction. However, REE
minerals can be formed under special geological
conditions. In this regard, the Esfordi iron-
phosphate deposit is interesting both economically
and scientifically. The present study is aimed at
determination of rare earth element mineral types,
along with their occurrence in this deposit by using
mineralogy, geochemistry, and fluid inclusion
microthermometry methods.

Method of study

A total of 42 apatite samples were taken from
different lithological units and ore-bearing veins.
Following petrographic observations, 10 and 6
representative samples were analyzed using SEM
and XRD methods in the Iran Minerals Processing
Research Center, respectively. Geochemical
properties of apatite and rare earth element
minerals were determined on 8 samples using LA-
ICP-Ms at the University of Tasmania, Australia.
Moreover, the same was done for 6 samples using
EPMA at the Geo Forschungs Zentrum
Telegrafenberg of Potsdam University, Germany.
In addition, 12 samples of apatite were considered

for evaluating petrography of fluid inclusions.
Microthermometry of the fluid inclusions was
conducted on two second generation apatite
samples associated with massive phosphate
mineralization zone and magnetite mineralization
zone in the laboratory of the Geological Survey and
Mineral Explorations of Iran. Phases changes in
fluid inclusions in heating and freezing tests under
a Linkam THM600 microscope with TP94
Thermal Controller and LNP Type Cooler mounted
on Zeiss microscope, with an accuracy of 0.5 °C
was performed. Given that no phase changes were
produced in some inclusions (melt inclusions) up
to the temperature of 600°C, two samples of apatite
were studied using the Linkam TS1400XY
microscope in Lithosphere Fluid Research Lab of
the Department of Petrology and Geochemistry at
E6tvos Lorand University, Budapest, Hungary.

Results

Mineralogical studies of apatite in Esfordi revealed
the extensive presence of monazite and a lesser
amount of xenotime. The results indicate two
generations of monazite in this deposit. The first
generation is observed as inclusions within the
apatites, while the second generation occurs along
the fractures of apatites. Monazite inclusions are
abundant in the dark phase of host apatites. Based
on geochemical data, the second generation of
monazite is enriched in La, La/Ce, Nd, and Pr
compared to the first generation. Furthermore,
strong negative correlation coefficients were
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observed between Ca, P, and XREE, while a
positive correlation was reported between Si and P
in apatite and monazite. Chondrite normalized
spider diagrams indicate a negative slope
(LREE/HREE>1) in all of the samples. Moreover,
a strong negative correlation was observed
between Sr and Y in the studied apatite and
monazites. Fluid inclusions within the apatites
were classified into eight groups: a) one-phase
gaseous inclusions, b) one-phase liquid inclusions,
¢) two-phase liquid rich inclusions (L+V), d) two-
phase gas-rich inclusions (V+L), e) two-phase
liquid- solid inclusions (L+V), f) three-phase
inclusions (V-L-S), g) three-phase CO, bearing
inclusions associated with formation of clathrate,
and h) melt inclusions. The composition of the
fluid inclusions is plotted in magmatic and
hydrothermal fields. The salinity of most of the
inclusions is low to medium (5-21 wt.% NaCl) and
homogenization temperature ranges from 250 to
350°C. Also, a limited number of fluid inclusions
were homogenized in the range of 378-486 °C,
indicating high salinity (43 to 54 wt.% NaCl). The
fluid trapping depths were measured to be in the
range 100-1700 m.

Discussion

The Esfordi iron-apatite deposit is located NE of
Bafq, Yazd province and it hosts three types of
apatite mineralization in massive, vein, and
disseminated forms, as well as REE-bearing
minerals. Periodic variations in mineralizing fluid
is evidenced by changes in REE content of the
studied minerals. The presence of monazite in dark
phases of the host apatite mineral indicates
leaching of REE from the host apatite and
redeposition during the nucleation of monazite
grains (Heidarian et al., 2017). Mineralogical data
indicated that the apatites are of the fluorapatite
type with minor contents of chloride (Rajabzadeh
et al., 2013). The quantities of Sr and Y in the
studied minerals indicate a strong negative
correlation, consistent with magmatic
differentiation. In addition, the concentrations of

Mn, Sr, and Y support the granitoid origin of the
Esfordi deposit (Belousova et al., 2002).
Microthermometric data plotted on magmatic and
hydrothermal fields indicated that mixing fluids
and boiling are the important factors in
mineralization. Upon the obtained data of the
present study, main parts of the Esfordi iron
phosphate deposit have been formed at
temperatures ranging from 146 to 486°C and
depths of 100 to 1700 m.
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